We report the discovery of two exoplanets transiting high-jitter stars. HAT-P-32b orbits the bright V=11.289 late-F-early-G dwarf star GSC 3281-00800, with a period P = 2.150008 ± 0.000001 d. The stellar and planetary masses and radii depend on the eccentricity of the system, which is poorly constrained due to the high velocity jitter (∼ 80 m s −1 ). Assuming a circular orbit, the star has a mass of 1.16 ± 0.04 M ⊙ , and radius of 1.22 ± 0.02 R ⊙ , while the planet has a mass of 0.860 ± 0.164 M J , and a radius of 1.789 ± 0.025 R J . When the eccentricity is allowed to vary, the best-fit model has e = 0.177 ± 0.079 and results in a planet which is close to filling its Roche Lobe. We determine an analytic approximation for the transit-inferred radius of an eccentric planet which fills its Roche Lobe; including the constraint that the planet cannot exceed its Roche Lobe results in the following best-fit parameters: e = 0.163 ± 0.061, M p = 0.94 ± 0.17 M J , R p = 2.04 ± 0.10 R J , M ⋆ = 1.18 +0.04 −0.07 M ⊙ and R ⋆ = 1.39 ± 0.07 R ⊙ . The second planet, HAT-P-33b, orbits the bright V=11.188 late-F dwarf star GSC 2461-00988, with a period P = 3.474474 ± 0.000001 d. As for HAT-P-32, the stellar and planetary masses and radii of HAT-P-33 depend on the eccentricity, which is poorly constrained due to the high jitter (∼ 50 m s −1 ). In this case spectral line bisector spans are significantly anti-correlated with the radial velocity residuals, and we are able to use this correlation to reduce the residual rms to ∼ 35 m s −1 . We find the star has a mass of either 1.38 ± 0.04 M ⊙ or 1.40 ± 0.10 M ⊙ , and a radius of either 1.64 ± 0.03 R ⊙ or 1.78 ± 0.28 R ⊙ , while the planet has a mass of either 0.762 ± 0.101 M J or 0.763 ± 0.117 M J , and a radius of either 1.686 ± 0.045 R J or 1.827 ± 0.290 R J , for an assumed circular orbit or for the best-fit eccentric orbit respectively. Due to the large bisector span variations exhibited by both stars we rely on detailed modeling of the photometric light curves to rule out blend scenarios. Both planets are among the largest radii transiting planets discovered to date.
INTRODUCTION
One of the most significant findings that has resulted from the study of transiting exoplanets (TEPs) over the past decade is the discovery that some close-in "hot Jupiters" have radii that are substantially larger than what was thought to be theoretically possible. The three most inflated TEPs, including WASP-17b (R = 1.99 ± 0.08 R J ; Anderson et al. 2011) , WASP-12b (R = 1.79 ± 0.09 R J ; Hebb et al. 2009 ), and TrES-4b (R = 1.78 ± 0.09 R J ; Sozzetti et al. 2009 ) have radii that are as much as 50% larger than expected from, for example, the coreless Fortney et al. (2007) models. Recently it has become clear that the degree to which TEPs are inflated is correlated with the planet equilibrium temperature (Fortney et al. 2007; Enoch et al. 2011; Kovács et al. 2010; Faedi et al. 2011; Béky et al. 2011; Laughlin et al. 2011 ) and anti-correlated with stellar metallicity (Guillot et al. 2006; Fortney et al. 2007; Burrows et al. 2007; Enoch et al. 2011; Béky et al. 2011) . Several mechanisms that might explain the correlation with equilibrium temperature in particular have been proposed (Bodenheimer et al. 2001; Guillot and Showman 2002; Batygin and Stevenson 2010) , though to date this issue remains unresolved.
In this work we report the discovery of two new TEPs, HAT-P-32b and HAT-P-33b (orbiting the stars GSC 3281-00800 and GSC 2461-00988, respectively), with radii among the largest found to date. These planets have high equilibrium temperatures, supporting the aforementioned correlation. Both of these highly inflated hot Jupiters were discovered by the Hungarian-made Automated Telescope Network (HATNet; Bakos et al. 2004) survey for TEPs orbiting bright stars (9 r 14.5).
HATNet operates six wide-field instruments, including four at the Fred Lawrence Whipple Observatory (FLWO) in Arizona, and two on the roof of the hangar servicing the Smithsonian Astrophysical Observatory's Submillimeter Array, in Hawaii. Although the two planets presented here were among the first candidates identified by HATNet, with discovery observations dating back to 2004, they proved to be difficult to confirm due to the significant radial velocity (RV) jitter exhibited by the stellar hosts (78.7 m s −1 and 55.1 m s −1 for HAT-P-32 and HAT-P-33, respectively), which limits the power of the traditional spectral line bisector technique used to rule out blend scenarios. We argue that the jitter is astrophysical in origin, and likely related to convective inhomogeneities which vary in time, perhaps due to time-varying photospheric magnetic fields, and we conduct detailed blend modeling of the observations to confirm the planetary nature of these systems. The high jitter values for both stars result in poor constraints on the orbital eccentricities of the two systems. While we could assume circular orbits as has been done for other TEPs, we choose not to do so because several eccentric short-period TEPs have been discovered (e.g. XO-3b, Johns-Krull et al. 2008; WASP14b, Joshi et al. 2009 ; HAT-P-21b, Bakos et al. 2010b) , so the possibility that either planet is eccentric should be included in the parameter uncertainties. Importantly the inferred planetary radii depend strongly on the orbital eccentricities. In particular, if HAT-P-32b has an eccentric orbit its radius may be larger than any other known TEP.
The structure of the paper is as follows. In Section 2 we summarize the detection of the photometric transit signal and the subsequent spectroscopic and photometric observations of each star to confirm the planets. In Section 3 we analyze the data to rule out false positive scenarios, and to determine the stellar and planetary parameters. Our conclusions are discussed in Section 4. Table 1 summarizes the HATNet discovery observations of each new planetary system. The HATNet images were processed and reduced to trend-filtered light curves following the procedure described by Bakos et al. (2010a) . The light curves were searched for periodic box-shaped signals using the Box Least-Squares (BLS; see Kovács et al. 2002) method. For HAT-P-33 supporting observations of the discovery were obtained with the Wise-HAT (WHAT; Shporer et al. 2009 ) telescope at Wise Observatory in Israel; these were analyzed in the same manner as the HATNet images. We detected significant signals in the light curves of the stars summarized below:
OBSERVATIONS

Photometric detection
• HAT-P-32 -GSC 3281-00800 (also known as 2MASS 02041028+4641162; α = 02 h 04 m 10.27s, δ = +46
• 41 ′ 16.2 ′′ ; J2000; V=11.289 Droege et al. 2006) . A signal was detected for this star with an apparent depth of ∼20.3 mmag, and a period of P =2.1500 days (see Figure 1 , left).
• HAT-P-33 -GSC 2461-00988 (also known as 2MASS 07324421+3350061; α = 07 h 32 m 44.20s, δ = +33
• 50 ′ 06.2 ′′ ; J2000; V=11.188 Droege et al. 2006) . A signal was detected for this star with an apparent depth of ∼8.5 mmag, and a period of P =3.4745 days (see Figure 1 , right).
Reconnaissance Spectroscopy
High-resolution, low-S/N "reconnaissance" spectra were obtained for both HAT-P-32 and HAT-P-33 using the Harvard-Smithsonian Center for Astrophysics (CfA) Digital Speedometer (DS; Latham 1992) on the FLWO 1.5 m telescope. These observations, which are summarized in Table 2 , were reduced and analyzed following the procedure described by Torres et al. (2002) (see also Latham et al. 2009 ). We find that both stars show no velocity variation at the 1 km s −1 precision of the observations, and all spectra are consistent with single, moderately-rotating dwarf stars. For HAT-P-32 the stellar atmospheric parameters that we find, assuming solar composition, are T eff⋆ = 6500 ± 100 K, log g ⋆ = 4.5 ± 0.25, v sin i = 21.9 ± 1.0 km s −1 , and γ RV = −23.21 ± 0.26 km s −1 . For HAT-P-33 we find T eff⋆ = 6500 ± 100 K, log g ⋆ = 4.0 ± 0.25, v sin i = 15.6 ± 1.0 km s −1 , and γ RV = 23.03 ± 0.28 km s −1 . In addition to the DS observations for HAT-P-33, we also obtained several initial reconnaissance observations of this target with the SOPHIE spectrograph on the Observatoire de Haute-Provence 1.93 m telescope. These observations showed ∼ 100 m s −1 scatter, with only a very faint hint of phasing with the photometric ephemeris, hinting on the possibility that the system is a blend. Based on these observations we postponed further follow-up of the target for several years.
2.3. High resolution, high S/N spectroscopy We obtained high-resolution, high-S/N spectra for both stars using HIRES (Vogt et al. 1994 ) on the Keck-I telescope in Hawaii. For HAT-P-32 we gathered 28 spectra with the I 2 absorption cell (Marcy & Butler 1992) between 2007 August and 2010 December, together with a single I 2 -free template spectrum. We rejected one low-S/N spectrum for which we were unable to obtain a high-precision RV measurement, and exclude from the analysis two spectra which were obtained during transit and thus may be affected by the Rossiter-McLaughlin effect (e.g. Queloz et al. 2000) . For HAT-P-33 we gathered 22 spectra with the I 2 cell between 2008 September and 2010 December, and two template spectra. The HIRES spectra were reduced to barycentric RVs following Butler et al. (1996) . The resulting measurements are given in Tables 3 and 4 for HAT-P-32 and HAT-P-33 respectively. The phased data, along with our best fit models for both circular and eccentric orbits, are displayed in Figures 2 and 3 .
For both candidates the RV residuals from the best-fit model show significant scatter greatly in excess of what is expected based on the measurement uncertainties. for circular and eccentric models respectively, while the RMS expected from instrumental variations plus photon noise is only 15.7 m s −1 . For HAT-P-33 the residual RMS is 55.7 m s −1 or 54.1 m s −1 , again for circular and eccentric models respectively, while the expected RMS is HATNet and WHAT observations this includes images which were rejected by the photometric reduction pipeline. For KeplerCam observations this excludes images which were rejected by the photometric reduction pipeline, but includes images which were rejected via σ-clipping during the fitting procedure. b Out of transit observation used to constrain the presence of a secondary transit event during blend modeling.
7.9 m s −1 . Because of this high "jitter" we gathered substantially more high-S/N spectra for these targets than we do for typical HATNet candidates. The reason for this is two-fold: the high jitter could have been due to additional Keplerian motion due to the presence of additional planets in the systems which would be revealed by further observations, and in the presence of high jitter more observations are needed to precisely determine the orbital parameters of the system. We consider further the origin of the jitter for each object in Section 3.2 concluding that it is most likely not due to additional planets, but rather due to stellar activity.
For each spectrum we also calculated the spectral line bisector span (BS) following the method described in §5 of Bakos et al. (2007) and the S activity index calibrated to the scale of Vaughan, Preston & Wilson (1978) following the procedure of Isaacson & Fischer (2010) . Note that for the BS we follow the convention BS = v 1 − v 2 where v 1 is the velocity of a point on the bisector near the continuum level and v 2 is the velocity of a point on the bisector near the line core. The BS and S values are plotted in Figures 2 and 3. For both stars the BS and S values do not phase with the photometric ephemeris; however the scatters in the BS values are comparable to the RV semiamplitudes, so we are not able to rule out blend scenarios for either object based on the bisectors. Instead we rely on detailed blend-modeling of the observations to rule out these scenarios as described in Section 3.3. For HAT-P-33 we found that the RV residuals are correlated with the BS (see also Section 3.2), and were thus able to use the BS to correct the RVs, reducing the effective jitter to ∼ 35 m s −1 .
2.4. Photometric follow-up observations We conducted high-precision photometric observations of HAT-P-32 and HAT-P-33 using the KeplerCam CCD camera on the FLWO 1.2 m telescope. The observations for each target are summarized in Table 1 . For HAT-P-32, in addition to observations taken during transit, we also obtained three sets of observations taken out of transit at the predicted times of secondary eclipse (assuming a circular orbit). These data are excluded from the global analysis described in Section 3.4, but are used in Section 3.3 in ruling out blend-scenarios.
The reduction of the KeplerCam images was performed as described by Bakos et al. (2010a) . We performed External Parameter Decorrelation (EPD) and used the Trend Filtering Algorithm (TFA; Kovács et al. 2005) to remove trends simultaneously with the light curve modeling (for more details, see Bakos et al. 2010a ). The final time series, together with our best-fit transit light curve models, are shown in Figure 4 ; the individual measurements are reported in Table 5 and Table 6 for HAT-P-32 and HAT-P-33 respectively. 
ANALYSIS
Properties of the parent stars
Planetary parameters, such as the mass and radius, depend strongly on the stellar mass and radius, which in turn are constrained by the observed stellar spectra as well as the light curves and RV curves. We followed an iterative procedure, described by Bakos et al. (2010a) , to determine the relevant stellar parameters. The procedure involves iterating between infering stellar atmospheric parameters (including the effective temperature T eff⋆ , surface gravity log g ⋆ , metallicity [Fe/H] , and projected rotation velocity v sin i) from the Keck/HIRES template spectrum using the Spectroscopy Made Easy package (SME; Valenti & Piskunov 1996) and the Valenti & Fischer (2005) atomic line database, and modeling the light curves and RV curves (see Section 3.4) to determine the stellar density ρ ⋆ . At a Vaughan, Preston & Wilson (1978) following Isaacson & Fischer (2010) . e Observation during transit which was excluded from the analysis.
given cycle in the iteration we combine our estimates of T eff⋆ , [Fe/H] and ρ ⋆ with the Yonsei-Yale (YY; Yi et al. 2001 ) series of stellar evolution models to determine the stellar mass, radius, and surface gravity among other parameters. If the resulting surface gravity differs significantly from the value determined from the spectrum with SME, we repeat the analysis fixing the surface gravity in SME to the new value.
For each star, the initial SME analysis, in which the surface gravity was allowed to vary, yielded the following values and uncertainties:
• HAT-P-32: T eff⋆ = 6001 ± 88 K, [Fe/H] = −0.16 ± 0.08 dex, log g ⋆ = 4.02 ± 0.07 (cgs), and v sin i = 21 ± 0.5 km s −1 .
• HAT-P-33: T eff⋆ = 6234 ± 114 K, [Fe/H] = −0.04 ± 0.08 dex, log g ⋆ = 3.86 ± 0.10 (cgs), and v sin i = 13.9 ± 0.5 km s −1 .
As described in Section 3.4 the inferred stellar densities, and hence radii, for HAT-P-32 and HAT-P-33 depend strongly on the orbital eccentricities, which due to the high RV jitters are poorly constrained. For each system we conducted separate analyses, first assuming a circular orbit and then allowing the eccentricity to vary. In each case we obtained a new value of log g ⋆ which we held fixed during a second SME iteration. The final stellar parameters for each star, assuming both circular and eccentric models, are listed in Table 7 .
The inferred location of each star for both the circular and eccentric models, in diagrams of a/R ⋆ (which is related to ρ ⋆ ) versus T eff⋆ , analogous to the classical H-R diagram, is shown in Figures 5-6 . In each case the stellar properties and their 1σ and 2σ confidence ellipsoids are displayed against the backdrop of model isochrones for a range of ages, and the appropriate stellar metallicity.
As a check on our stellar parameter determinations we compare the measured photometric colors of the two stars to the predicted values based on the models. HAT-P-32 has J −K = 0.281±0.008
11 and V −I C = 0.62±0.10 (from TASS; Droege et al. 2006) , whereas the predicted Note. -For the iodine-free template exposures we do not measure the RV but do measure the BS and S index. Such template exposures can be distinguished by the missing RV value. a Barycentric Julian dates throughout the paper are calculated from Coordinated Universal Time (UTC). b The zero-point of these velocities is arbitrary. An overall offset γ rel fitted to these velocities in Section 3.4 has not been subtracted. c Internal errors excluding the component of astrophysical jitter considered in Section 3.4. (∼ 2σ) redder than the measurements. HAT-P-33 has J − K = 0.280 ± 0.030 and V − I C = 0.577 ± 0.087 (also from 2MASS and TASS), and has predicted values of J − K = 0.27 ± 0.02 and V − I C = 0.511 ± 0.022 for the circular model, and J − K = 0.28 ± 0.02 and Keck/HIRES RV measurements for HAT-P-33 shown as a function of orbital phase, along with our best-fit circular (solid line) and eccentric (dashed line) models as determined from our global modeling procedure (Section 3.4); see Table 9 . Zero phase corresponds to the time of mid-transit. The center-of-mass velocity has been subtracted. Second panel: Same as top panel, here we have subtracted a linear correlation with the spectral line bisector spans (BS) from the RV measurements. This correlation was determined simultaneously with the fit, and significantly reduces the residual RMS. For the displayed points we subtract the correlation determined in the circular orbit fit. Third panel: Velocity O −C residuals from the best fit circular orbit including the BS correlation. Jitter is not included in the error bars. V − I C = 0.522 ± 0.022 for the eccentric model. The measured photometric colors of HAT-P-33 are within 1σ of the predicted values for both models.
Neither HAT-P-32 nor HAT-P-33 shows significant chromospheric emission in their Ca II H and K line cores. Following the procedure of Isaacson & Fischer (2010) , we find median log R ′ HK (Noyes et al. 1984) values of −4.62 and −4.88 for HAT-P-32 and HAT-P-33, respectively.
Stellar Jitter
Both HAT-P-32 and HAT-P-33 exhibit notably high scatter in their velocity residuals. Stellar jitter values of 78.7 m s −1 and 55.1 m s −1 for HAT-P-32 and HAT-P-33 respectively must be added in quadrature to their velocity errors to achieve reduced χ 2 values of unity for the best-fit circular orbits (see Section 3.4).
A possible cause of the jitter is the presence of one or more additional planets in either system, though this would not explain the high scatter seen in the BS measurements. Figure 7 shows the Lomb-Scargle frequency spectra Lomb 1976; Scargle 1982; Press & Rybicki 1989) of the RV observations for both stars. In both cases there is a peak in the spectrum at the transit frequency; in the case of HAT-P-32 this is the highest peak in the spectrum, while in the case of HAT-P-33 the highest peak is at a high frequency alias of the transit frequency (if we restrict the search to frequencies shorter than 0.49 d
the transit frequency is the highest peak). We note that in neither case would the planet be detectable from the RV data alone. For HAT-P-32, the false alarm probability of detecting a peak in the L-S periodogram with a height greater than or equal to the measured peak height is ∼ 8% (this is determined by applying L-S to simulated Gaussian white noise RV curves with the same time sampling as the observations). For HAT-P-33 the false alarm probability of the transit peak is 79% (the false alarm probability for the highest peak in the spectrum is 30%). We also show the L-S spectra of the RV residuals from the best-fit circular orbit models, in order to see if there is evidence for additional short period planets in the systems. The highest peaks in these spectra are at periods of 18.104 d and 0.8507 d for HAT-P-32 and HAT-P-33 respectively (for each system there is some ambiguity in the peak that depends on the frequency range searched and whether or not a multiharmonic period search is used). If we assume that each system has an additional planet at the above stated periods, the RMS of the RV residuals decreases to ∼ 40 m s −1 and ∼ 30 m s −1 for HAT-P-32 and HAT-P-33 respecitvely. However, these peaks have corresponding false alarm probabilities of 8% and 8.9%, so they are not statistically significant detections. We conclude that while either system may host additional short period planets, there are not at present enough RV observations to make a statistically significant detection.
Another potential source of RV and BS jitter is varying scattered moonlight contaminating the spectra. Following Kovács et al. (2010) we investigated the possibility that the BS and RV may be affected by varying sky contamination, and found no evidence that this is the case. Alternatively, RV and BS jitter might be caused by variable contamination from a nearby star. Based on our KeplerCam observations of HAT-P-32 and HAT-P-33, we can rule out contaminating neighbors with ∆i 5 mag at a separation greater than 3 ′′ , or neighbors with ∆i 2 mag at a separation greater than 1 
∆g ( of either star. We cannot rule out fainter close neighbors which could be responsible for at least some of the jitter. Constraints on potential neighbors based on modeling the photometric light curves are further considered in Section 3.3. Figure 8 compares the RV residuals to the BSs for HAT-P-32 and HAT-P-33. For HAT-P-33 there is a clear anti-correlation between these quantities (the Spearman rank-order correlation test (e.g. Press et al. 1992 ) yields a correlation coefficient of r s = −0.77 with a false-alarm probability of 0.04% assuming a circular orbit, while for the best-fit eccentric orbit r s = −0.72 with a 0.1% false alarm probability). For HAT-P-32 there is a hint of an anti-correlation, but it is not statistically significant (r s = −0.30 with a false-alarm probability of 14% assuming a circular orbit, and r s = −0.39 with 4.9% false alarm probability for the best-fit eccentric orbit). The anti-correlation for HAT-P-33 is an indication that the measured jitter for this star is dominated by intrinsic stellar variations, rather than being due to another planet in 2.3 ± 0.3 2.4 ± 0.4 YY+a/R⋆+SME Distance (pc) . . . . . 283 ± 5 320 ± 16 387 ± 9 419 ± 66 YY+a/R⋆+SME a The eccentricities of both HAT-P-32 and HAT-P-33 are poorly constrained-both planets are consistent with circular orbits but may also have significant eccentricities. We list separately the parameters obtained when a circular orbit is fixed, and when the eccentricity is allowed to vary. b SME = "Spectroscopy Made Easy" package for the analysis of high-resolution spectra (Valenti & Piskunov 1996) . These parameters rely primarily on SME, but have a small dependence also on the iterative analysis incorporating the isochrone search and global modeling of the data, as described in the text. c The mean heliocentric velocity as measured by the CfA Digital Speedometer. The uncertainty is the rms of the measured velocities of the star rather than the uncertainty on the mean. d YY+a/R⋆+SME = Based on the YY isochrones (Yi et al. 2001 ), a/R⋆ as a luminosity indicator, and the SME results.
the system, or to the instrumental errors being underestimated. We make use of this correlation in Section 3.4 to reduce the scatter in the RV residuals for HAT-P-33 and improve the precision of the fitted parameters. Saar et al. (1998) argue that the RV jitter of F stars is due primarily to convective inhomogeneities (due for example to regions of strong magnetic fields which locally suppress convection) which vary in time, rather than temperature inhomogeneities (due for example to cool starspots) which vary in time. The latter may be more important for G and K stars. Both sources of jitter would result in significant BS variations that may be correlated with the RV variations, but the lack of detectable out-of-transit photometric variations in the HATNet light curves of HAT-P-32 and HAT-P-33, and the fact the neither star shows particularly high chromospheric emission in their Ca II H and K line cores, is consistent with the expectation that temporally changing convective inhomogeneities, rather than temporally changing temperature inhomogeneities, are responsible -Lomb-Scargle frequency spectra for the RVs (top) and residual RVs from the best-fit circular orbit models (bottom) for HAT-P-32 (left) and HAT-P-33 (right). In the top panels we mark the transit frequencies, while in the bottom panels we mark the highest peaks in the spectra. In all cases the false alarm probability of finding a peak as high the marked peak in a Gaussian white-noise RV curve is greater than 8%.
for the jitter of these two stars.
Jitter values as high as those found for HAT-P-32 and HAT-P-33 are typical of stars with similar spectral types and rotation velocities. From the v sin i-jitter correlation measured by Saar et al. (2003) , the expected jitter for an F dwarf with v sin i = 20 km s −1 is ∼ 50 m s −1 , while for an F dwarf with v sin i = 14 km s −1 the expected jitter is ∼ 30 m s −1 . The sample used by Saar et al. (2003) to determine this correlation includes only a handful of stars with v sin i > 10 km s −1 , and the scatter about the relation is fairly significant-one star with v sin i ∼ 15 km s −1 was found to have a jitter in excess of 100 m s −1 . The planet hosting star HAT-P-2, which has a similar temperature and rotation velocity to HAT-P-32 and HAT-P-33 (T eff⋆ = 6290 ± 60 K, v sin i = 20.8 ± 0.3 km s −1 ; Pál et al. 2010 ) has been reported to have a high jitter of ∼ 60 m s −1 based on data from Keck and Lick (Bakos et al. 2007) . A subsequent analysis by Winn et al. (2007) , using only Keck/HIRES data, found a somewhat lower jitter of ∼ 30 m s −1 , though this is still quite a bit higher than most planet-hosting stars discovered to date (e.g. the median jitter of the previously published HATNet planets is ∼ 7 m s −1 ). The primary difference between HAT-P-2 and the two systems presented here is that the planet HAT-P-2b is significantly more massive than either HAT-P-32b or HAT-P-33b (HAT-P-2b has M p = 9.09 ± 0.24 M J ; Pál et al. 2010) ; as a result, the RV semiamplitude of HAT-P-2b (K = 984 ± 17 m s −1 ) greatly exceeds the jitter, making this planet more straightforward to confirm than either HAT-P-32b or HAT-P-33b.
Excluding blend scenarios
Both HAT-P-32 and HAT-P-33 exhibit significant spectral line bisector span (BS) variations (Figures 2-3 ; the RMS of the BS is 53 m s −1 and 51 m s −1 for HAT-P-32 and HAT-P-33 respectively). In neither case are the variations in phase with the transit ephemeris, as one might expect if the observed RV variation were due to a blend between an eclipsing binary system and another star. As discussed in Section 3.2, these variations are likely due to temporally changing convective inhomogeneities, perhaps created by variable photospheric magnetic faculae as in the Sun, which we suspect are responsible for the significant RV jitter seen in both of these stars. Nonetheless the large BS variations, which are comparable to the semiamplitudes of the RV signals, prevent us from using the BSs to rule out the possibility that either of these systems is a blend.
To rule out blend scenarios we made use of the blendanal program (Hartman et al. 2011b ; see also, Hartman et al. 2011a ) which models the observed light curves, stellar atmospheric parameters, and calibrated photometric magnitudes using various blended eclipsing binary scenarios as well as scenarios involving a transiting planet system potentially blended with light from another star. The program relies on a combination of the Padova (Girardi et al. 2000) and Baraffe et al. (1998) 
-RV residuals from the best-fit circular (top) and eccentric (bottom) model orbits vs. BS for HAT-P-32 (left) and HAT-P-33 (right).
There is a hint of an anti-correlation between these quantities for HAT-P-32, though it is not statistically significant. For HAT-P-33 the quantities are clearly anti-correlated. See the discussion in Section 3.2. Southworth et al. (2004a,b) , and stellar limb darkening parameters from Claret (2004) . It is similar to the blender program (Torres et al. 2005 ) which has been used to confirm Kepler planets (e.g. Torres et al. 2011 ), but with a number of technical differences which are described by Hartman et al. (2011b) .
For each object we fit 4 classes of models:
1. A single star with a transiting planet.
2. A planet transiting one component of a binary star system.
3. A hierarchical triple stellar system. 4. A blend between a bright stationary star, and a fainter, physically unrelated eclipsing binary.
Initially we assume that the eclipsing components have a circular orbit. For both HAT-P-32 and HAT-P-33 we find that the class 1 model (a single star with a transiting planet), or the class 2 model with a planet-host star that is much brighter than its binary star companion, provide better fits (lower χ 2 ) than the class 3 and class 4 models. To evaluate the statistical significance with which the class 3 and class 4 models may be rejected, we follow the Monte Carlo procedure described in Hartman et al. (2011a) . We find that for HAT-P-32 we may reject both the class 3 and 4 models with ∼ 13σ confidence (the bestfit class 4 model consists of a group of stars with similar parameters to the best-fit class 3 model), while for HAT-P-33 we may reject the class 3 and 4 models with ∼ 6σ confidence (e.g. Figure 9 ). Fig. 9. -The σ-level at which the class 3 blend model (hierarchical triple stellar system) can be rejected for HAT-P-33 as a function of the masses of the two largest stars in the system: M 1 is the mass of the uneclipsed star, and M 2 is the mass of the primary star in the eclipsing system. Note that the lack of several km s −1 RV variations leads to the constraint M 1 > M 2 . The best-fit model is rejected with ∼ 6σ confidence.
For both HAT-P-32 and HAT-P-33 the eclipsing binary star blend scenarios (classes 3 and 4) are excluded in part due to the lack of an apparent secondary eclipse or out of transit variation that are predicted by models capable of fitting the observed primary transits. For HAT-P-33 the HATNet light curve provides these constraints, while for HAT-P-32 three sets of KeplerCam observations collected during predicted secondary eclipses (assuming a circular orbit) augment the constraints provided by the HATNet light curve. Figure 10 shows a few example model light curves for the best-fit class 4 model for HAT-P-32 which illustrate this.
Because the time of secondary eclipse depends on the eccentricity, which is poorly constrained by the RV observations, we repeat the blend analysis for both systems fixing the eccentricities to the best-fit values as determined in Section 3.4. While for HAT-P-32 this scenario causes the secondary eclipses to not occur during the out of transit KeplerCam observations, the eccentric eclipsing binary results in stronger out of transit variations which are ruled out by the HATNet data. In this case for HAT-P-32 we may reject the class 3 and 4 models with > 11σ confidence. For HAT-P-33 we may reject the class 3 and 4 models with > 7σ confidence.
For the class 2 models we consider two cases, one in which the transiting planet orbits the brighter binary star component, and the other in which the planet orbits the fainter binary star component. In both cases the spectroscopic temperature and the photometric colors constrain the brighter star to have a mass of 1 M ⊙ for both systems. We find that the case of the planet orbiting the fainter component can be rejected outright with > 4σ confidence for both HAT-P-32 and HAT-P-33. The case of a planet orbiting the brighter binary star component amounts to including third light in the fit. When the secondary star contributes negligible light to the system the model becomes indistinguishable from the best-fit case 1 model, such a model cannot be ruled out with the available data. Instead we may place an upper limit on the mass of any binary star companion. For HAT-P-32 we find that a putative companion must have M < 0.5 M ⊙ with 5σ confidence, while for HAT-P-33 a companion must have M < 0.55 M ⊙ with 5σ confidence. These translate into upper limits on the secondary to primary V -band luminosity ratio of ∼ 1% for both HAT-P-32 and HAT-P-33.
Based on the above discussion we conclude that the signals detected in the HAT-P-32 and HAT-P-33 light curves and RV curves are planetary in nature.
Global modeling of the data
We modeled the HATNet photometry, the follow-up photometry, and the high-precision RV measurements using the procedure described in detail by Pál et al. (2008) ; Bakos et al. (2010a) . One significant difference from our previous planet discoveries is that we use a Mandel & Agol (2002) transit model to describe the HATNet photometry, rather than a simplified nolimb-darkening model. This was necessary due to the high S/N HATNet detections, especially for HAT-P-32. To describe the follow-up light curves we use a Mandel & Agol (2002) transit model together with the simultaneous External-Parameter-Decorellation (EPD) and Trend-Filtering Algorithm model of instrumental variations (Bakos et al. 2010a ), and we use a Keplerian orbit to describe the RV curves. For HAT-P-33 we include a term α BS × BS in the RV model, where α BS is a free parameter describing the residual RV-BS correlation, as we found that this significantly reduces the RV residuals. For HAT-P-32 we do not include this correction because the residual RV-BS correlation is not statistically significant. For each planetary system we fit two models, one in which the eccentricity is fixed to zero, and another in which the eccentricity varies. The parameters for each system are listed in Tables 8-9 . Neither system has a clearly non-zero eccentricity. Using the Lucy & Sweeney (1971) test we find that there is a non-negligible ∼ 3% probability that the eccentricity found for HAT-P-32 arises by chance from a circular orbit, while for HAT-P-33 the probability is ∼ 20%.
Because the resulting planets have large radii (particularly when the eccentricity is allowed to vary), the assumption that each planet has a spherical surface which lies well within its Roche Lobe may no longer be valid. In particular the fact that a planet cannot exceed its Roche Lobe places an upper limit on the transit-inferred radius of the planet for a given semi-major axis, eccentricity, and mass-ratio. Following the procedure described in the appendix, we impose the constraint that the planet cannot exceed its Roche Lobe in determining the parameters and errors for each system. Figure 11 shows an approximation of the constraints on R p /a and e for each system. In both cases the best-fit solutions are below this limit, however the uncertainties on the parameters (particularly the upper uncertainties on the eccentricities and radii) are reduced by imposing the Roche Lobe constraint.
DISCUSSION
We have presented the discovery of two planets, HAT-P-32b and HAT-P-33b, which have radii that are among the largest measured to date for all transiting exoplanets. Figure 12 shows the location of these two planets on a mass-radius diagram, while Figure 13 shows them on an equilibrium temperature-radius diagram. For each planet the radius determination depends strongly on the eccentricity, which is poorly constrained for both systems due to the high stellar jitters. If HAT-P-32b has a circular orbit, its radius would be ∼ 1.8 R J , but it could be as large as ∼ 2.0 R J if the planet is eccentric. HAT-P-33b has a slightly smaller radius of ∼ 1.7 R J if it is on a circular orbit, but its radius could also be larger (∼ 1.8 R J ) if it is eccentric.
There are only four known transiting planets with radii that are comparable to HAT-P-32b or HAT-P33b. These are WASP-17b (R = 1.99 ± 0.08 R J ; Anderson et al. 2011) , WASP-12b (R = 1.79 ± 0.09 R J ; Hebb et al. 2009 ), TrES-4b (R = 1.78 ± 0.09 R J ; Sozzetti et al. 2009 ), and Kepler-7b (R = 1.614 ± 0.015 R J ; Demory et al. 2011) . These four planets orbit F stars, as do HAT-P-32b and HAT-P-33b. The relatively high luminosities of these stars result in relatively high planet equilibrium temperatures (T eq > 1600 K in all cases). The equilibrium temperature in turn is correlated with planet radius (see references in Section 1). Nonetheless, there must be additional factors which cause planets like HAT-P-32b, HAT-P-33b and WASP17b to have radii of 1.7-2 R J with T eq ∼ 1800 K, while the much hotter planet WASP-18b (2380 K; Hellier et al. 2009 ) has a much less inflated radius of only 1.165 R J . One significant difference between WASP-18b and the higher radii planets are the planet masses. While HAT-P-32b, HAT-P-33b and WASP-17b have sub-Jupiter masses, WASP-18b has a mass of ∼ 10 M J . As seen in Figure 13 it appears that there may be a mass dependence to the T eq -radius relation, with lower mass planets being more strongly impacted by high equilibrium temperature than higher mass planets. A mass-dependence of this type has been predicted by several planet infla- 2.29 ± 0.13 2.86 ± 0.31 a The eccentricity of HAT-P-32 is poorly constrained. We list separately the parameters obtained when a circular orbit is fixed, and when the eccentricity is allowed to vary. b Tc: Reference epoch of mid transit that minimizes the correlation with the orbital period. T14: total transit duration, time between first to last contact; T12 = T34: ingress/egress time, time between first and second, or third and fourth contact. c Values for a quadratic law, adopted from the tabulations by Claret (2004) according to the spectroscopic (SME) parameters listed in Table 7 . d Lagrangian orbital parameters derived from the global modeling, and primarily determined by the RV data. e Correlation coefficient between the planetary mass Mp and radius Rp. , and the I C band HATNet field G125 light curve (bottom). The HATNet light curve is folded and binned in phase, using a binsize of 0.002 (note that this is only for display purposes, we do not bin the data in the modeling). In each panel the light curve is shown at top together with the model, and the residual is shown below. Note that for the KeplerCam observations we plot the EPD/TFA-corrected light curve, this correction is determined simultaneously with the fit, as a result there are slight differences in the plotted KeplerCam light curves for the two classes of blend models. The class 4 blend model provides a notably poorer fit to the light curves than the class 1 model-this includes slight differences in the ingress/egress of the primary transit, and a secondary transit and out of transit variation which are not seen in the KeplerCam or HATNet data. 
a The eccentricity of HAT-P-33 is poorly constrained. We list separately the parameters obtained when a circular orbit is fixed, and when the eccentricity is allowed to vary. b Tc: Reference epoch of mid transit that minimizes the correlation with the orbital period. T14: total transit duration, time between first to last contact; T12 = T34: ingress/egress time, time between first and second, or third and fourth contact. c Values for a quadratic law, adopted from the tabulations by Claret (2004) according to the spectroscopic (SME) parameters listed in -Planet radius normalized to the semi-major axis vs. eccentricity for HAT-P-32b (left) and HAT-P-33b (right). Each point corresponds to a single MCMC parameter realization. The solid lines show the maximum allowed transit-inferred planet radius as a function of eccentricity corresponding to a planet which fills its Roche-Lobe at periastron (Section A). These are calculated using the median massratio and argument of periastron for each system. The wiggles seen for HAT-P-32b are due to numerical noise in the calculation.
tion mechanisms (e.g. Fig. 10 of Guillot 2005; see also Batygin et al. 2011) .
Due to the high jitters of the two stars studied in this paper, further high-precision RV observations will not significantly constrain the eccentricities of the planetary systems. A more promising method would be to observe the planetary occultations with the Spitzer space telescope. Fortunately both stars are relatively bright, (K S ∼ 10.0 mag in both cases), and have expected occultations deeper than 0.1% in both the 3.5 µm and 4.6 µm bandpasses. Thus we expect that it should be possible to obtain high S/N occultation events (S/N> 10) with Spitzer for both systems.
From standard tidal theory we expect the circularization time-scales to be much shorter than the 2 Gyr ages of the systems. Using equation 1 of Matsumura et al. (2008) , and assuming planetary and stellar tidal damping factors of
6 , the expected circularization timescales are ∼ 3 Myr and ∼ 30 Myr for HAT-P-32b and HAT-P-33b respectively. We note, however, that Penev & Sasselov (2011) have recently argued that standard tidal theory, which is calibrated from observations of binary stars, significantly overestimates the tidal interaction between planets and stars and thereby underestimates the true circularization time-scale. It is possible that a short period planet may maintain an eccentric orbit for the entire life of the system.
Finally we note that the difficulty of confirming the planets presented here illustrates the selection bias imposed on transit surveys by the need for RV confirmation. For both planets the HATNet transit detection was clear and robust. This, together with the high S/N box-shaped transits observed with KeplerCam, motivated us to continue obtaining high-precision RVs for these objects despite the initial RVs not phasing with the photometric ephemerides, and the stars showing significant spectralline bisector span variations. If either target had a shallower, less obviously planet-like transit, it is likely that we would not have continued the intensive RV monitoring necessary for confirmation, and it is also likely that we would not have been able to conclusively rule out blends based on analyzing the light curves. Moreover, if either planet had a significantly lower mass (Saturn-mass or smaller), such that the orbital variation could not be detected, it is also likely that the planet would not have been confirmed. This research has made use of Keck telescope time granted through NOAO (A285Hr, A146Hr, A201Hr, A289Hr), NASA (N128Hr, N145Hr, N049Hr, N018Hr, N167Hr, N029Hr), and the NOAO Gemini/Keck timeexchange program (G329Hr). We gratefully acknowledge F. Bouchy, F. Pont and the SOPHIE team for their efforts in gathering OHP/SOPHIE observations of HAT-P-33.
APPENDIX
CALCULATING THE TRANSIT-INFERRED RADIUS OF AN ECCENTRIC, ROCHE-LOBE FILLING PLANET
The condition that the surface of a planet cannot extend beyond its Roche-Lobe (assuming the system is not an overcontact binary, which is true for the systems considered in this paper since in both cases the inferred stellar radius is well within the stellar Roche Lobe for eccentricities that are consistent with the RV curves) sets a maximum limit on its size for a given semi-major axis, eccentricity, and star-planet mass ratio. This in turn places an upper limit on the radius of a planet inferred from a transit measurement. Here we briefly review how to calculate this constraint.
Following Wilson (1979) , the binary potential for the general case of nonsynchronously rotating components on a non-circular orbit is given by:
The polar coordinates r, θ, and φ (θ is the polar angle) have an origin at the center of one of the binary components (in our case we choose the planet), distance is measured in units of the semi-major axis of the relative orbit, λ and ν are direction cosines (λ = sin θ cos φ, ν = cos θ), D is the instantaneous separation between the planet and star (D = 1 − e cos E where e is the eccentricity and E is the eccentric anomaly), q is the mass ratio (q = M ⋆ /M p in our case), and F is the synchronicity parameter equal to the ratio of the angular rotation velocity of the component at the origin (the planet in our case) to the "average" angular velocity of the orbit (2π/P where P is the orbital period). For an eccentric system the tidal interaction drives the components towards pseudo-synchronous rotation, which is between the average angular velocity and the angular velocity at periastron (Hut 1981, eq. 
We assume pseudo-synchronous rotation for the planet. The surface of a gas giant planet is expected to follow a surface of constant potential. For the eccentric case the value and shape of the surface potential varies with the orbital phase, in this case Wilson (1979) argues that to a good approximation the volume of the object is constant over the orbit, and suggests a procedure, which we adopt, for finding -Mass-radius diagram of TEPs. HAT-P-32b and HAT-P-33b are indicated. The triangles indicate the parameters for assumed circular orbits, while the squares indicate the parameters when the eccentricity is allowed to vary. Filled circles are all other TEPS, and filled squares are solar system planets. We also show lines of constant density (dotted lines running from lower left to upper right) and theoretical planet mass-radius relations from Fortney et al. (2007) .
the surface of a Roche-Lobe filling object at different orbital phases. Because the volume of the Roche Lobe is smallest at periastron, it follows that an eccentric planet which fills its Roche Lobe will do so only at periastron. The potential Ω 0 corresponding to the Roche Lobe of the planet at periastron can be determined by taking D = 1 − e and finding r between 0 and D that minimizes Eq. A1 for ν = 0, λ = 1. The volume V 0 of this surface can be calculated numerically. We perform a Monte Carlo integration randomly generating points uniformly distributed within a spherical shell with an inner radius r 0 that satisfies the condition Ω(r 0 , θ, λ) > Ω 0 for all θ and λ and an outer radius r 1 that satisfies Ω(r 1 ), θ, λ) < Ω 0 for all θ and λ, and taking the volume to be equal to 
where f is the fraction of generated points with Ω > Ω 0 . The surface potential during transit Ω 1 may then be determined by setting D equal to the appropriate value at transit and finding Ω such that V (Ω = Ω 1 ) = V 0 . We solve this using a simple bisection search noting that the volume of the Roche Lobe potential at transit phase (which can be determined as at periastron) is greater than V 0 . Finally the radius of the planet which would be inferred from a transit observation (corresponding to the radius of a circle with area equal to the projected area of the planet surface potential as viewed by an Earth-bound observer) is given approximately by
where y = r such that Ω(r, θ = π/2, φ = π/2) = Ω 1 , z = r such that Ω(r, θ = 0, φ = 0) = Ω 1 , and we assume for simplicity an edge-on orbit (which is reasonable for a transiting planet). We have also conducted a Monte Carlo integration to calculate the projected area of the planet surface potential accounting for inclination, and found the difference from the approximation to be negligible (less than 0.1%).
In principle one may apply the Roche-Lobe constraint in the global modeling of the photometry and RVs by calculating R p,RL for each set of trial MCMC parameters, and rejecting the trial if it yields R p /a > R p,RL . In practice this is unwieldy because of the slow numerical integrations required by the above procedure. We therefore searched for an analytic approximation to R p,RL that depends on the mass ratio q, the eccentricity e and the argument of periastron ω. We numerically determined R p,RL over a grid of parameters spanning 10 ≤ q ≤ 10 5 , 0 ≤ e ≤ 0.5, and π/2 ≤ ω ≤ 3π/2, and find that the following empirically chosen analytic function reproduces R p,RL to ∼ 1% accuracy over this parameter range: R p,RL (q, ω, e) ≈ f 1 (q)g 1 (ω)e 2 + f 2 (q)g 2 (ω)e + f 3 (q)g 3 (ω) HAT-P-32b and HAT-P-33b are indicated with triangles (circular models) and squares (eccentric models). The shading of the planets indicates their masses. HAT-P-32b and HAT-P-33b continue the trend of higher Teq planets having larger radii. Bottom: the same as above, here we only show planets discovered by the HATNet survey. The Teq-radius correlation is clearly apparent when restricted to this sample of planets, which we take as evidence that the correlation is not due to combining planets found by different surveys that have different selection biases. 0.1397 ± 0.0086 a 9 −1.434 × 10 −3 ± 6.9 × 10 −5 a 10 −0.30528 ± 0.00097 a 11 −0.9238 ± 0.0031 a 12 −0.00399 ± 0.00088 where f 1 (q) = − exp(a 1 ln(q) 2 + a 2 ln(q) + a 3 ) g 1 (ω) = a 4 cos(ω − π/2) + 1 f 2 (q) = − exp(a 5 ln(q) 2 + a 6 ln(q) + a 7 )
g 2 (ω) = a 8 cos(ω − π/2) + 1 f 3 (q) = exp(a 9 ln(q) 2 + a 10 ln(q) + a 11 ) g 3 (ω) = a 12 cos(ω − π/2) + 1
and a 1 through a 12 are fitted parameters given in Table 10 .
